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DILUTION JET CONFIGURATIONS IN A REVERSE FLOVW
COMBUSTOR

Abstract

by
JAMES ZIZELMAN

Results of measurements of both temperature and
velocity fields Yithin a reverse flow combustor are
presented. Flow within the combustor is acted upon
by perpendicularly injected cooling jets introduced
at three different locations along the inner and
outer walls of the combustor. The oddity of such
combustor configurations is best exemplified by
recogpizing that flows within them accelerate both
transversely and longitudinally.

Each experiment is typified by a group of
parameters: density ratio, momentum ratio, spacing
ratio, and confinement parameter. Two more
quantities, Froude number and Mach number, although
calculated were found not to be inporflnt in these
experiments. Measurements of both temperature and
velocity are presented in terms of normalized
profiles at azimuthal positions through the turn
section of the combustion chamber. A rake of probes

that spans the combustor laterally allows for the



presentation of some three dimensional plots giving
some indication of the lateral spreading. In
addition, jet trajectories defined by minimunm
temperature and maximum velocity give a qualitative
indication of the location of the jet withim the
cross flow., Results of a model from a previous
temperature study are presented in some of the plots
of data from this work.

During injection from all three injection
locations (inner wall prior to the turm, outer wall
prior to the turn, and outer wall into the turn) a
migration of the injected fluid toward the inner
wall is observed both from temperature and velocity
fields.

Penetration into the cross flow is shown to be
affected as follows: increasing injection jet
momentum increases penetration, increasing the ratio
of the jet density to the cross flow density
increases penetration, and increasing spacing
between jets in multiple jet injection increases
penetration.

Lateral spreading seemed to be greater during
higher momentum injection and during injection from
the outer wall.

The above conclusions appear consistent with
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the flow field that sets up in the combustor. The
flow is observed as inertially dominated and
characteristically irrotational as a pressure

gradient develops to support fluid turning.

iii



TABLE OF CONTENTS

Page
ABSTRACT i
LIST OF SYMBOLS vii
CHAPTER I - INTRODUCTION 1
CHAPTER II - PREVIOUS RELATED STUDIES 8
2.1. The Free Jet 8
2.2. Jet Injection into a Non-Acceler- 12
ating Medium
2.3. Two Dimensional and Multiple Jets 22
2.4, Reverse Flow Combustor Experiments 25

CHAPTER III - THE REVERSE FLOW COMBUSTOR: 26
APPARATUS, EXPERIMENTAL PRO-
CEDURES, AND ERROR

3.1. Apparatus 26
3.2, Ezxperimental Procedures 37
3.3. Experimental Preliminaries 39
3.4. Presentation of Expected Error 50
CHAPTER IV - CONCLUSIONS FROM THE PREVIOUS 53
REVERSE FLOW COMBUSTOR STUDY
CHAPTER V - SINGLE JET INJECTION DATA AND 55
CONCLUSIONS
S.1. No Injection 55
$5.2. Low Momentum Injection--Outer 58
Wall--Prior to Bend
$.3. High Momentunm Injection--Outer 60
Wall--Prior to Bend
5.4. Low Momentunm Injection--Inner 62
Wall--Prior to Bend
5.5. High Momentum Injection~--Inner 64

Wall--Prior to Bend



Low Momentum Injection--Outer
Wall--Into the Bend

High Momentum Injection--Outer
Wall--Into the Bend
Conclusions from Normalized
Radial Profiles

Lateral Distributions
Additional Conclusions from
Lateral Plots

- MULTIPLE JET INJECTION AND
CONCLUSIONS

High Momentum Injection--Outer
Wall--Prior to Bend

High Momentum Injection—-Inner
Wall--Prior to Bend

Bigh Momentum Injection--Outer
Wall--Into the Bend
Conclusions from Normalized
Radial Profiles

Lateral Profiles

CHAPTER VII - GENERAL CONCLUSIONS AND

RECOMMENDATIONS

CHAPTER VIII - DATA PLOTS

APPENDIX 1
APPENDIX 2

APPENDIX 3

APPENDIX 4

APPENDIX §

REFERENCES

- SAMPLE CALCULATIONS
~ SPECIFICATION SHEETS

- START-UP, SHUT-DOWN, AND
EXPERIMENTAL PROCEDURES

- COMBUSTOR OPERATIONS
SOFTWARE

- ERROR ANALYSIS

vi

Page
65

68
69
72
76

78

79
85
89
92
94

97

99
162
164

170

176

193

203



LIST OF SYMBOLS

Area

Jet radius

Initial jet radius
Coefficient of drag

/p

Density ratio, Pjo
Entrainment coefficient
Entrainment coefficient
Differential pressure in mm water
Combustor height at entrance
Combustor height at exit

Vio

sz

Momentum Ratio, pjo

Perimeter of turbulent jet

Static pressure

Total pressure

Total pressure - static pressure
Volumetric flux

Jet volumetric flux

Initial jet volumetric flux

Gas constant for air

Radius of inner wall prior to bend
Radius of outer wall prior to bend

Longitudinal jet coordinate

vii



Sr Spacing ratio, length between jet centers

2b,

T Cross flow temperature
Tjo Initial jet temperature
Tl or T} Local temperature
A Cross flow velocity
Ve Entrainment velocity
vjo ’ Initial jet velocity
Vjx X-direction jet velocity
ij Y-direction jet velocity
Vy or VL Local velocity
x, X x-axis
vy, Y y-axis
z, Z z-axis
GREEK
T Normalized temperature,

T, - T

Tjo - T
Y Normalized velocity,

Vi .

v

(] Angle of jet centerline from

initial cross flow streamlines

3 Longitudinal jet coordinate

viii



CHAPTER 1

INTRODUCTION

In recent years, many studies have been made
that deal directly with the concept of jet
injection. Both theoretical and experimental work
has been done. Much of this work deals with one of
the following configurations: (1) jet injection
into a non-moving environment, (2) perpendicular jet
injection into a medium with constant velocity, and
(3)multiple jet and two-dimensional jet injection
into a medium with constant velocity.

Work of the above description can be viewed in
most of the references iﬁ the bibliography. It must
be remembered, however, that these studies are not
addressing the problem of turbulent jet injection
into an accelerating medium. The studies involving
amoving cross floware set up to provide a constant
area for the flow, and hence a constant velocity.
In most dilution jet applications in jet engine
combustors, this type of investigation is entirely
adequate because the chamber involved is really
nothing more tﬁan a straight-through annulus
resulting inm cross flow velocities that remain
nearly the same from inlet to exit. However, in the

geometry of the reverse flow combustor, the cross



flow negotiates a 180° turn while experiencing a

decrease in cross sectional area. This geometric
complexity gives rise to experimental studies such
as this one associated with determining both
velocity and temperature fiélds throughout the
combustor. From this information, immediate
qualitatve conclusions are available as well as more
detailed information describing the flow conditions
for use as experimental input to a semi-empirical
model. As can be seen, then, this investigation has
some peculiarities resulting from the unique
combustor design. By the nature of the geometry,
the flow must accelerate both longitudinally and

transversely as it negotiates the 180° turn.
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Figure 1: Simplified Combustor Geometty[lsl



When one examines the combustor more closely, it
becomes evident that one can identify two apparent
modes of acceleration. The first to be identified
is the transverse acceleration that must exist
perpendicular to the flow direction due to the fact
that the flow negotiates the turn. The second
identifiable acceleration is that due to the cross
sectional area decrease as one approaches the exit.
This acceleration is in the direction of the flow.
By rotating the schematic in figure 1 about the
centerline, one can see that this combustor is
acutally an annulus turned inside of itself. This
gives rise to more acceleration in the direction of
the flow because the inner annulus (the exit) is of
smaller radius, and therefore carves out less area.
The following figures depict the two modes of

acceleration:

FLOW

Longitudinal Acceleration

Figure 2: Longitudinal Acceleration
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Figure 3: Transverse Acceleration

Due to this unique combustor design, little
theoretical, semi-empirical, or purely empirical
information is available that describes flow
conditions within the combustor. Lipshitzlls]. in a
recent study using a model reverse flow combustor,
generated a large quantity of empirical information
regarding temperature fields throughout the turn
section of the combustor. However, an attempted
model to predict jet trajectories in single jet
injection showed poor agreement with trajectories
inferred from the temperature profiles apparently
due to the lack of informaiton regarding the cross
flow velocity field. In the case of Lipshitz's
experiment, a thermal jet trajectory location was

defined as the minimum temperature observed between



the inner and outer walls of the combustor at a
given angular positiom in the turn section.
Individual trajectory 1locations could then be
connected with a smooth line.

To more fully examine the complexities of this
combustor with its various cooling jet injection
configurations, an experiment was designed to gather
both temperature and velocity data from the end of
the primary zone (at the entrance to the turn
section) to the outlet of the combustor (at the
turbine blades). Both radial (from inner wall to
outer wall) and azimuthal (angularly through the
turn) sampling points were set up so that both the
velocity and temperature fields could be well
represented.

In an actual turbine-engine situation, it is
advantageous to know what effect changes in dilution
jet injection would have on temperature and velocity
fields at the outlet of the combustor. Since the
outlet is the location of the turbinme blades,
knowing detailed information here gives one the
ability to operate the engine at a higher, more
efficient temperature with considerably 1less
uncertainty as to when mechanical failure of the

blades will occur. Of course, the preferred



temperature profile at the blades is best
exemplified by figure 4,

center line

/
combustor exit ///
temperature profile turbine blades
~Figure 4: Preferred temperature profile (turbine)lls]

Figure 4 shows a temperature profile that increases
in going from the root to the tip of the blade. The
reasoning here is based vpon centrifugal loading.
At the root, the blade structure must exert enough
inward force to support nearly the entire length of
the blade thereby causing this locatiom to
experience the maximum stress. Now, choose a
position near the tip of the blade. Here, the only
centrifugal loading is that caused by that small
portion between your chosen position and the blade
tip. It follows that the stress in the blade at the
tip approaches zero. As one begins to operate a jet
engine near its allowable maximum, the limit is

usually set by the mechanical capability of the



turbine blades, so the lower tﬁe temperature at the
maximum stress location, the longer the blade can
maintain mechanical integrity.

Additionally, a known velocity profile at the
exit would allow a more detailed calculation of
convective heat transfer coefficients of the turbine
blades, resulting in a more thorough understanding
of the heat transfer taking place, again providing
the opportunity to operate the engine at a more
efficient temperature.

It can be seen, then, that if enough
information is gathered, it will be possible to
tailor both velocity and temperature profiles at the
outlet by merely changing the dilution jet initial
conditions. It is this tailoring that makes this

work so important.



CHAPTER 1I
PREVIOUS RELATED STUDIES

Since this research concerns itself with a
specific geometric design, there is relatively
little information regarding temperature and
velocity profiles~and trajectories. In fact, one
previous study by Lipshitz[18] is all that is known
to exist. However, some studies have been made that
relate in a generic way because the basic concept of
jet injection is investigated. As stated earlier,
these studies include: (1) free turbulent jet
injected into a non-moving medium, (2) turbulent jet
injected perpendicularly into a non-accelerating
meaium. and (3) multiple jets and two-dimensional
jets injected into a2 non-accelerating medium. Since
these specific types of studies will not aid a great
deal in the understanding of this one, they will be
reviewed here fairly quickly. In a later chapter, a
presentation of the temperatue study conc;usions by

(18]

Lipshitz will be conducted.

As is suggested in any work on the fluid



mechanics of jets, turbulent profiles are generally
considered to be self-similar, that is, the velocity
profiles remain similar with respect to the space
variable. Discussions on similarity solutions for
the free jet can be viewed in works by Abramovich[ll
and Albertsonlzl. Using the idea of the similarity
solution, it becomes evident that in the fully
developed region of a free jet, the jet boundary

layer grows linearly as a function of distance from

the origin, i.e.,

b = s (11.1)

core transition fully-developed
lulion_l_ region . region

- ] '

.
i l

n BB
=
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Figure 5: A turbulent free jetlls]
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In addition, the similarity solution allows one to
recognize that the centerline velocity of the jet
decays as the inverse of the distance travelled from

the origin:
Vj « 1 (1I1.2)
s

Investigating further, one can see from
Albertson[zl and Ricou and Spalding[25] that the
gross volume flux for a single turbulent free jet

was found to be given by:

q = 0.16%s (1I1.3)
qjo bo

Something that goes hand in hand with the idea of
gross volume flux is the notion of entrainment.
Qualitatively, it is a measure of how much fluid
experiences motion in the direction of an
injected jet. Rouse, Yih, and Bnnphreys[261 in an
early work investigated injection where the jet and
the ambient fluids were of different densities.
Their modification to the gross volume flux equation
(I1.3) manifests itself in a density corrqetion

factor as follows:
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1/2
q; = 0.16%*s Pa (I1.4)
ajo bo [ pj ]

In the above analyses, the consideration is
given to the free turbulent jet pictured in figure S
above. In such a turbulent jet, the velocity
profile at the origin is nearly uniform. From the
origin outward, there are three distinct regions of
the jet: (1) the potential core, (2) the
transition regiom, and (3) the fully developed
region. The center of the potential core region is
referred to as the core. At this location, the '
fluid has the same properties as the fluid issuing
from the nozzle of the jet. Still in the potential
core region, but moving laterally from the
centerline, a free shear layer must be encountered.
In this area, the fluid smoothly returms to the
ambient conditions. This potential core region has
been seen to exist about four to five nozzle
diameters downstream of the jet. It is this type of
information that becomes useful in the analysis of
the data of this investigation as a guide to give
some rough idea about what to expect.

The second region is the transitiom region,
immediately followed by the fully developed region.

It is typical for the tramsition region to dissipate
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ten nozzle diameters downstream of the injection
location. Of course, these estimated distances
depend largely on the initial conditions of the jet
as it issuves from the nozzle. After transition has
occurred in the second regionm, the jet remains

turbulent.

2.2 Jet lgisgiigi into a Non-Accelerating Medium

In studies involving a single jet introduced
into a non-accelerating cross flow, it is typical
for a round jet to be issued perpendicularly into
the oncoming flow with what is considered a uniform
velocity profile. Also, it is generally considered
typical for the cross flow duct to be of constant
cross sectional area to eliminate acceleration. As
the jet moves outward from the nozzle, a complex
deflection begins to occur. Figure 6 below

jllustrates this typical injection configuration.

Figure 6: Injection configuration for a non-
accelerating cross flow.
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In an attempt to qnalitafively describe how the
""jet bending’'’ is taking place, a number of
different mechanisms have been identified and canm be
considered. First, as the jet issues from the
nozzle, it can be viewed as a slug of fluid, even a
rigid cylinder, that has associated with it a
coefficient of drag, Cn.lll As the dynamic pressure
of the cross fl;v begins to exert force om the
*'¢cylinder’' of fluid, it begins to experience a
drag in the direction of velocity of the cross flow.
Immediately, of course, s ''bending over’' of the
jet begins to appear. As quickly as this occurs,
the drag force vector forms two components: one
tangentially along the deformed jet and omne normal

to it.

TANGENTIAL
DRAG FORCE

|

CROSS FLOW

|

NORMAL
DRAG FORCE

]

JET

Figure 7: Jet bending due to the drag mechanism.
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Another mechanism which is attributed to the
complex bending of a jet injected perpendicularly
into a cross flow is jet entrainment. As the jet
penetrates outward into the cross flow, it pulls
salong with it particles of fluid belonging to the
cross flow, due to the frictional force apparent
there. As these cross flow particles are ent;ained.
so, too, is the momentum associated with them.
Since the momentum vecfor of the cross flow is
perpendicular to that of the issuing jet, it follows
that this becomes a mechanism responsible for the
direction change of the jet. This momentum
transfer, in other words, <causes the jet to acquire
a velocity component in the direction of the cross
flow.

The third mechanism is related to the first and
second in that it comnsiders the jet to be a
cylindrical slug of fluid, and gives some physical
meaning to entrainment. In this mechanism, though,
one looks more in-depth at what occurs fluid
dynamically as fluid passes over a cylinder. Most
obviously, there is a high pressure area where the
cross flow impinges upon the issuing jet. Secondly,
a low pressure wake forms downstream of the cylinder

as the flow detaches. The cross flow, then, will
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begin to flow in the direction of the favorable
pressure gradient, or into the low pressure region
behind the jet. This actiomn sets up i pair of
vortices, causing the jet to become kidney-1ike in

shape as seen in the figure below.

g
/v

VU o——

Figure 8: Vortex pair formation in a jet.

This induced vortex actionm is held partially
responsible for the entrainment that occurs in cross
flow injection situations. Platten and Iefferlzs]
show that the increased spreading rate associated
with this injection configuration is attributable to
this vortex pair formation as well.

Just as the free jet was disassembled into its

three basic regions, the single jet in a cross flow
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can be similarly viewed. This type of jet also has
three principal regions, the first of which is
referred to as the potential core and is based
mainly on the jet to cross flow momentum ratio but
is also somewhat dependant on the jet Reymnolds
number based on initial jet diameter[24].

The next region identifiable is downstream of
the potential ;Ote and is fully turbulent.
Vorticity produced by the cross flow negotiating
around the cylindrical jet gives rise to the
formation of the vortex pair within the jet, giving
it a kidney shape while average jet velocities begin
to diminish toward the ambient value rather quickly.
After a relatively short distance, the jet
trajectory becomes nearly parallel to that of the
cross flow, This zone is commonly referred to as
the ’''zone of maximum defleetion.”tz‘] or the
‘’curvilinear zone."[17]

In the third zone, the '"far field zone.”[16l
the two vortices are literally overrun by the cross
flow and snﬁsequently swept downstream at
velocities nearly that of the cross flow, although
such éonditions are reached asymptotically.
Additionally, the amount of circnlation appears to

decrease as one moves downstream, This zone is
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Xnown to exist up to 1000 nozzle diameters
downstream. Again, these statements serve as crude
approximations of the reverse flow combustor because
they do not consider acceleration of the cross flow,
but a general idea of what to expect is presented.
The most successful modelling of a jet in a
cross flow includes some consideration for jet
entrainment. In this brief.discnssion on related
works, some of those are presented now, Fanllo]
developed an interesting model for the jet
entrainment. For this fluid mechanism, he suggested
an entrainment coefficient, E. Using this
coefficient, the development was taken further, and

an entrainment velocity was defined as follows:

- _ - _ vy2 2,1/2
Ve B(tbs(vj V)) E((Vjx V) + ij )

(I1.5)

In a turbulent jet, as mentioned above, mass
flux within the turbulent regiom increases by
entraining the surrounding fluid as progression
downstream occurs. In accordance with Kamotani and
Greber[14]. and using the coordinates of figure 8,

the rate of increase of mass flux is given by:
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dg = p*l*v, (I1.6)
ag

where p is the density of the cross flow, 1 is the
perimeter of the turbulent region, and V° is the
entrainment velocity, or the velocity with which the
turbulent front is advancing into the cross flow at
a particular §.

Equation II.S shows E being used as a
correlation coefficient for the entrainment velocity
that uses the vector difference between local jet
and local cross flow velocities. The value of E was
found to fall in the range of 0.4 to 0.5 for Vj/V
ratios ranging from five to 20. This correlation,
however, is intended for a uniform area cross flow,
and begins to break down under acceleration.

Hoult et 11[13] show an asymptotic solution for
jet trajectories compared to experimental values at
various velocity ratios. From this investigation,
yet another description of entrainment velocity was
developed. In this correlation, the description of
entrainment is dependant upon the difference between
local jet velocity and the parallel and normal
components of the cross flow velocity. It contains

two entrainment coeffiéients.



19
JET

v, #— "CENTER LINE
/ ;e
CROSS FLOW ,

/

|t

Figure 9: Diagram for Hoult's entrainment equation.

‘ .

|

The correlation developed is as follows:
V. = El(Vj - Vcos(©)) + EZ(Vsin(O) (11.7)

The values for E; and E, are given as 0.11 and 0.6
respectively for a velocity ratio ranging from one

to ten.

Ip a similar development, Eamotani and

[14]

Greber constructed a mathematical relation

depicting entrainment velocity which is also
dependant on cross flow velocities both tangential
and normal to the jet traj;ctory. In this
development, however, the value of jet velocity used
was taken as the maximum value of fluid speed in a
given normal plane ijnstead of the average jet
velocity as had been in earlier investigations.
Their relation is written:

vV, = E1(V - Vcos(©)) + 52Vsin(9) (11.8)

e jmax
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where © is defined in figure 9. The vulnes\of Ey
and Ez were seen to vary with changing jet to cross
flow momentum ratio, J. For instance, with J =
15.3, E; and Ey were found to be 0.07 and 0.32
respectivliey. As J was increased to 59.6, E4 and E,
were found to be 0.067 and 0.182 respectivley.
Incidentally, Kamotani and Greber[14] showed that
for a single jet, a decrease in the channel height
did not have a considerable affect on the trajectory
of the jet unless the opposing wall was brought so
near that the jet impinged om its surface. They
also show that increasing momentum ratio caused
increased penetration of the trajectory into the
cross flow.

In addition to the above statements concerning
perpendicular jet injection, numerous other studies
have been done using a wide array of experimental
techniques and theoretical approaches. As an
overview, some of these will be stated here. Chien
and Schetz[7] actually took the time to solve the
three-dimensional Navier-Stokes equations and energy
equation written in terms of vorticity, velocity,
and temperature. Specifically, they solved the

single jet perpendicular injection into a cross
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flow problem. Comparisons with a laminar cross flow
experiment did show good agreement. Bowever, when
modifications were made to more closely model a
turbulent buoyant jet, less promising results were
seen. Analysis showed that trajectory information
was quantitatively acceptable, but the three-
dimensional informaiotn was only qualitativley
acceptable. Insccuracies were blamed on the simple
turbulence model. Campbell and Schetzls] also
produced a three-dimensional analysis for the jet in
a cross flow. Their scheme for predicting
trajectories included buoyancy forces and
entrainment terms in the momentum equation
perpendicular to the trajectory. Finally, one of
the only investigations performed on a non-uniform
cross flow was done by Sucec and Bovleylzs]. This
investigaton was not detailed combining drag and
entrainment concepts into a single force. This
approach uses the Abramovich idea that the jet can
be treated as a cylinder in a cross flow.

As can be seen, then, little work pertains
directly to flow within the reverse flow combustor
by the nature of its odd geometry. However, the
work described here does allow one to make some

intelligent judgements as to what might be expected.
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2.3. Two-Dimensional Jets and Multiple Jets

In a jet engine combustion chamber, it is
typical for jets to be imjected ii rows that
normally run perpendicular to the length of the
combustor. In this work, the study of multiple jet
injection is comnducted. Therefore, it becomes
important to scam quickly some related jet
investigations to get a notion of what to expect.

As spacing between a multiple number of jets in
a row decreases, the behavior of the row becomes
increasingly similar to that of a two-dimensional
slot jet. Albertsonlz] showed both theoretically
and experimentally, that in the case of a free slot
jet, the velocity is a function of the reciprocal of

the square root of the distance from the jet:

j= " (I1.9)
.1/2
Also, spreading of the jet is a fumctionm of the

square root of the distance from the jet injection

point:

b = s1/2, (11.10)



23

This behavior is quite different from that of a
single round jet described above. Lastly,

Albertsonlz] gives an expression for volume flux as:

- 0.62 1/2 (I1.11)
RIS

In searching for literatnre on rows of single
jets, it was found that all of the work was
experimental in nature. Empirical correlations
generally accompanied the experimental results.
This type of work is inevitably useful only for
similar flow configurations, since the governing
correlations do not normally include a provision for
different cross flow geometry and injection
geometry.

One of the most important results from the
multiple jet investigations is the concept of vortex
interaction betweenm adjacent jets. Vortex
interaction causes a downward movement of the jet
trajectory. However, in the limit where the spacing
between adjacent jets becomes very small, the vortex
formation is limited, hence the downwash is less.
Experiment shows the deteriorating trajectory is

followed by a higher trajectory as the spacing
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continues to decrease. In the following diagram,

Figure 10: Schematic of vortex interaction

each kidney shape represents a single jet. Each
shape contains two arrows indicating the vortex pair
associated with each jet. Upon examination of the
effects on jet two above, one can see that vortex 1B
has a downward effect on jet 2. Vortex 1A, however,
bas an upward effect, but since the distance from
vortex 1A to jet 2 is larger than the distance from
vortex 1B to jet 2, the resultant effect is a
downward tendency. The effect of the vortices
associated with jet 3 on jet 2 are identical to
those of jet 1 on jet 2. It must be noted, however,
in the limit as one decreases the spacing between
the jets, the vortex formation is hindered and the
effect described above becomes minimal, During

injection into a confined cross flow, as one
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decreases the spacing ratio and approaches the
geometry of a two-dimensional slot jet, a second
nech;nisn that has a downward effect on the jet
trajectory is defined., As the injected flow becomes
increasingly two-dimensional, the cross flow must
pass over the top of the jet and not between
individual jets . The resultant effect is a
supressed trajectory to allow the cross flow

sufficient area.

2.4, Reverse Flow Combustor Experiments

One previous study om jet inmjectiom in a
reverse flow combustor is avaiable. After
the presentation of descriptions of the physical
facility, experimental procedures, and relevant
parameters, conclusions from this study will be
summarized. In addition, in the presentation of
data from this work, trsjectori;s from the model
developed in the previous work will be shown and

compared to experimental trajectories.



CHAPTER III

THE REVERSE FLOW COMBUSTOR:

THE APPARATUS, EXPERIMENTAL PROCEDURES, AND ERROR
3.1. Apparatus

For this experimental project, data was taken
from a 90° subsection model of a reverse flow
combustor. This model combustor was designed and
built exclusively for the purpose of performing
dilution jet injection experiments. Dimensions of
the combustor are similar to full-size rigs in
operation. Figure 11 shows a schematic of the
experimental rig fully dimensioned. From this
schematic, the aspect ratio of the apparatus ,

defined as:

AR = Mean Combusto h
Combustor Channel Height

is calculated to be 7.125 for the primary zome (that
section downstream of the fuel imjectiom but
upstream of the turn) and 7.00 at the exit. With
such aspect ratios, it is expected that at the
centerline of the combustor, no secondary flows with
significance will &exist. The primary =zomne of the

device is constructed from Incomnel-750X super

26
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alloy, allowing wall temperatures of up to 1200°F
(650°C) without sigmificant warpage. The turn
section is conmstructed from split 90° stainless
steel elbows. Figure 12 shows a photographic view
of the entire set-up including supporting apparatus
required for device operation and data acquisition.

The fuel used in this model combustor is
natural gas. As is typical inusing natural gas for
fuel, air is used as the oxidizing agent in the
combustion process. In addition, air is used as thg
primary cooling agent as well as the dilution jet
cooling agent. Consequently, all of these air
requirements are taken from the same source, 2
centrifugal blower that develops one psig while
delivering two 1bs. of air per second. The natural
gas is supplied at 0.4 psig.

The injection points of the combustor exist in
four distinct rows, three on the cuter wall and one
on the inmer wall. The spacing between the dilution
jet ports is different for each rovw. Each row is
placed perpendicular to the length of the combustor
on rays extending from the combustor centerline.
Each row contains 21 ports each with an initial
nozzle diameter of 7.11 mm.

The combustion process occurs 432 mm upstream
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Figure 12: Photographic view of experimental
apparatus
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of the 180° bend in the combustor. At this point,
nine burners are situated that deliver a mixture of
natural gas and air that is slightly fuel rich. The
mixing of air and natural gas for the premixied
flame occurs outside the combustor. Although each
natural gas burner has an adjustment to vary the
quantity of fuel delivered, no such convenience
exists for the combustion air delivery. It is
assumed that an equal amount of air is delivered to
each burner from the manifold-like apparatus that is
attached to the end of the combustion air delivery
pipe. Within the combustion chamber, the primary
cooling air is delivered from a series of small
holes that encircle each burmer. It is thought that
the hot combustion gas mixes with the primary
cooling air as it moves down stream. Once again,
there is no indication whether or not each primary
cooling air delivery station is .experiencing the
same mass flux from the cooling air manifold. It
may be seen later that this lack of information may
result in a skewed temperature or velocity profile
in the combustor before the turm and without
injection.

As was stated earlier, all of these

requirements are met by using a centrifugal blower.
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This centrifugal blower delivers air to four pipes
in a network. Each pipe is equipped with an orifice
meter to determine its flow rate. The natural gas
delivery is monitored in the same manner. Using
an ASMEIa] standard on orifice meters, calibration
curves previously determined were verified.
The pressure taps used in the orifice meters most
closely approximate the corner tap type. The
orifice plates used are sharp edged. The following
table shows pipe and orifice sizes used for the

experiment:

Pipe(in.) Orifice(in.)

Combustion Air 4.2917 1.400
Cooling Air 4.297 2.418
Dilution Jet Air 4.297 0.904
Natural Gas 2.255 0.502

The procedure used to verify the calibration
curves uses empirical information. Required
information for this particular experiment includes
inlet pressure before the orifice plate, specific
weight of the flowing gas, orifice to pipe ratio,
and a correlation coefficient taken from ASMEIs].
Each of the orifice meters were calibrated in this

way, and each matched within 0.5% the calibration
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equations found im the previous experiment.
Additionally, the following calibration equations
represent the resulting curves:
Combustion Air (Kg/s) = 0.0030(h, omy)t/2
Cooling Air  (Kg/s) = 0.0094(h,  oo)1/2
Dilution Air  (Kg/s) = 0.0012(h, 459)%/2
Natural Gas  (Kg/s) = 0.0003(h, ... )1/2
In the above equations, the values of h' are the
manometer readings and must be given in mm of water
differential.

In a logical progression, the next topic to be
discussed is the data gathering capability of the
system. As shown in figure 13 below, a rake of

probes is attached to a rotating and traversing

mechanism.

Rake

PREMXED
AM-FUEL

5201,

Figure 1 Cutaway sketch of the combustor
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Using figure 13 as a guide, a radial movement
within the combustor is from wall to wall as showa
by the arrovw placed beside the five-probe rake.
Azimuthal movement is an angular displacement
through the turn as shown by the curved arrow.

The rake of probes consists of 10 distinmct
probes at five locations (spaced at 3.57 initial jet
radii apart). -As canm be seen in figure 14, the
probes are located 0.50 inches (12.7 mm) apart
giving a total rake width of 2.00 inches (50.8 mm).
At each location exists s pitot-static tube, 0.167
inches (4.24 mm) in diameter for the measurement of
total and static pressure from which velocity can
be calculated. Tack-welded to each pitot-static
tobe is s chromel-alumel thermocouple measuring 0.01
inches (0.254 mm) in diameter for temperature
measurement of the flow.

Total and static pressure values from each tube
are routed to five individual pressure transducers.
The transducer used is SQtft Systens High
Accuracy model 239 for pressure ranging from 0 to
0.2 psid., An excitation voltage of 24 volts is
required to operate each device. The output of the
tiansdn&er ranges from zero to five volts and is

directly proportional to the input delta pressure.
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Appendix 2 gives full details of the device by

presenting a factory specification sheet.

- ,:A‘;f.h..- |
|

Figure 14: Pitot-Static/Thermocouple Rake
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Each thermocouple is routed to a switching box
and vltimately to a model 400A Doric Tremdicator
digital temperature measuring device. The Doric
Trendicator is equipped with an analog linearizing
circuit. This circuit reads the LED display of the
device and outputs a voltage in millivolts identical
to the number on the display.

All éivo ttansducer outputs and the five analog
temperature signals are then routed to an IBM
personal computer, model XT. Since the signals asre
analog, it is first necessary to process thenm
through an analog to digital conversion system. The
system used in this case is the Labmaster model
manufactured by Tecmar, Inc. This particnlar board
allows 12 bit accuracy. In additiom, it is possible
to channel the input signal through a programmabdble
gain so that it remains as near full scale as
possible for the most accurate .conversions. The
software used to take and process the data as it is
converted or typed at the keyboard was written
entirely by this author. Additionally, programming
to output information as plots or in formatted forg
was written by this author.

The system also has some supporting apparatus

that should be mentioned here. A major component
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that was designed and built is a safety mechanism,
Its basic purpose is tohalt the flow of natural gas
by closing an in-line electric gas valve when flame
blow-out is detected. The schematic below describes

the apparatus:

Vce
SWITCH
THERMO N\ RELAY
COUPLE<'_‘.\—+
Vcc _
OP-AMP - "B DIODE
Ry

Figure 15: Safety control mechanism schematic.

Through the use of an operational amplifier, a
comparator circuit was éoncttuctcd. One input to
the op-amp is the voltage generated across the
junction of a thermocouple. The other input is an
sdjustable voltage for comparison. When the
thermocouple voltage falls below that set by the
adjustable one.‘tho op-amp shuts down. This, in

turn, cuts current to the relay that controls the
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power to the natural gas valve thereby closing it.
Three DC power supplies are used in this
experiment, as well. One is used to supply power to
the safety control mechanism. The other two are
mounted in the transducer panel supplying the

required excitation voltage for them.

3.2. Ezperimentsal Procedures

When one wants to run an experiment using the
model reverse flow combustor, one simply operates
through a computer and & series of computer
programs. This series of programs can be viewed in
Appendix 4. Found in Appendix 3 is a detailed
version of the experimental procedure including
crucial start-up and shut-down procedures. The
first general purpose of these programs is to create
&8 means by which to acquire and store pressure and
temperature data and calculate velocities.
Secondly, proper storage gives the ability to later
retrieve this information and print it so that each
experiment can be properly and easily identified.

With the IBN XT at the experimental site, at
the outset of each run, one must input relevant
information via the keyboard. This informationm

typically characterizes the experiment inm progress.
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Specifically, the iolloving‘lnst be identified:

1. Filename
2., The row in which jets appear, if any
3. The number of dilution jets, if any
4. The number of unused jets between operating
Jets ,
§. Choice of azimuthal data taking incre-
ment.
6. Combustor pressure
7. Barometric pressure
8. Combustion air flow rate
9. Primary cooling air flow rate
10. Dilution jet air flow rate
11, Natural gas flow rate
12. Cooling jet temperature
13, Cross flow temperature
14. 8Six wall temperatures

The software saves these values for future
reference. Additionally, the software performs all
the necessary conversions to metric units as well as
placing the manometer readings into the
corresponding calibration equations. After
displaying each calculated va{no. a provision is
made for adjustments to the subsequent operating
conditions. If any are required, all calculations
arze re-performed. Lastly, the software thenm sets up
the data acquisition procedure. Automatically, five
delta-pressures are taken from the five pitot-static
tubes while temperature data is taken one
thermocouple at a time. After the set is taken,

velocity is calculated and appears immediately on
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the CRT, and the whole group is sent to the storage
file.

Since the azimuthal spacing imcrement through
the combustor is chosen at the time of experiment,
there is not a fixed number of data poimt locations.
As an exsmple, however, if one chooses 20° as the
azinnthﬂl increment (this was by far the most
commonly used increment in this investigation), a
total number of 76 rake locations results. With
five probes on the rake, this generates 380 data
points. In the chapter on\pre:entation of datas,
these locations are identfied in detail. In
addition, dattvpoint averaging and standard
deviation calculations will be discussed.

In the above discussion, radial rake movenment
was defined. Figure 16 points out that this radial
movement is not really radial with respect to the
center of curvature of the inner wall or the outer
wall of the combustor. This is a result of the

probes extending into the flow 13 mm.

3.3. Experiments] Preljiminaries
As with any scientific investigation, there are
a group of important quantities that tend to

characterize the experiment. In this case, of
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course, pressure and tenpeiature measurements are
taken so that detailed temperature and velocity

fields can be examined within the combustor.

Y\ 10 o  —==-- MEASURING
EXHAUST STATIONS
<P

JET
“%‘:DESPON ROTATING — TRAVERSING
A
1 PITOT-STATIC TUBE
—

THERM
FLOW OCOUPLE RAKE
L

]
]
]
|
!
]

—

1

NJECTION
2\poINT C X
POINT B TURN SECTION

Figure 16: Combustor Coordinates and Neasuring

St:tionnlzol

However, in addition, there are governing quantities
that provide uniqueness for each given procedure.

The first of these quantities is the demsity ratio,
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Dr, defined as:

pjo
P

Dr =

and is usually referred to as the ratio of the
density of the injection fluid to that of the cross
flow. In this investigation, this non-dimensional
parameter typically is about 2.15 or 2.75. These
two distinct values of Dr arise from using two
distinct cross flow temperatures. Specifically,
about 710°F (650 K) and 1020°F (820 K) are the
common cross flow temperatures. The dilution jet
injection occurs at room temperature, generally
somewhere near 70°F(300 K). From this information,
densities of both gasses are calculable through the
ideal gas equation.

For each density ratio, experiments can also be

characterized by momentum ratio, {. defined as:

2
Pjo Vjo
[ v2

This quantity is typically zreferred to as the
ratio of the momentum associated with the jot
initially to that of the cross flow. It typically

ranges from zero (no injection) to about 11.7. The
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cross flow velocity for this rig ranies from eight
to 12 m/s while jet injectom velocities are
normally between 12 and 22 m/s.

Thirdly, a characterizing parameter, injection

jet spacing ratio, Sr, is defined as follows:

Distance between jet centerlines

Sr =

2b,

This variable in the operationm of the combustor
allows one to examine the effect of bringing
individual jets closer and closer together. In
addition to this variable, there is a variable
concerning injection jet location. Imjection can
occur from the inner wall (the wall with the smaller
radius of curvature in the turn section) prior to
the bend or from the outer wall prior to the bend or
in the bend.

With these characterizing parameters, the
analysis of the acquired data is more sensibly
accomplished since detailed information is available
as to how the dilution jets compare with the cross
flow.

With the acquisition of temperature, total
pressure, and static pressure at five probe

locations, local velocity is calculated as follows:
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1/2
Z(PT - P')

V1=
P1

This relation for velocity is found from the
Bernoulli equation. Of course, this assumes that
the measured flow is incompressible and suffers from
po frictional losses. In this investigation, MNa is
typically 0.02 for the cross flovw and 0.05 for the
jet. With this information, it can be said that the
compressibility effect on the accuracy of the
velocity measuring device is negliglble for this
purpose. Also, since the Ma is much less than one,
it can be said that there is never a significant
deviation between impact and static temperatures.
One can now effectively characterize an
experiment in the reverse flow combustor and bave
confidence in the quantities being measured.
Presentation of tﬁe data from this experiment
is done in a variety of plots. Information plotted
on them are generally normalized temperature and
velocity profiles. The normalization for
temperature is derived from the pattern factor Pf, »
parameter used to examine temperature non-uniformity
within combustion chambers. The pattern factor is

defined as:
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(T - T )
Pt = max ave

(Teave ~ Tj

The normalized temperature relation used here is

defined as:

The normalization of velocity is as follows:

This normslization gives the deviation from the
cross flow velocity anywhere in the combustor.
Cross flow conditions are the temperature and
velocity one finds at the first sazimuthal measuring
station, midway between the outer and inner walls.
Figure 16 shows that the first szimuthal -oa:niin.
location is the ome immediately before the turn
section.

For purposes of plotting simplicity, the combustor
sketch shown in figure 16 was unwrapped, such that
the inner wall became a straight lime, and the outer
wall became a mathematical curv§ moving closer to
the inmer wall depicting the ares decrease that

occurs in moving th:én;h the combustor. Shown in
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figore 17 is a set of radial normalized temperature
profiles characteristic of this combustor at the
lower Dr with no dilution jet injection takea from
the center probe of the rake. The numbers along the
bottom curve (the outer wall) are the azimuthal
abscissae locations corresponding to those in figure
16. Looking closely at the first azimuthal test
location, one ;an identify nine tests poiits that
move radially from the inner wall to the outer wall,
The one nearest the inner wall is radial position
95, the next one toward the outer wall is 85 and so
on until one arrives at that point closest to the
outer wall which is labeled 15. As one moves
azimuthally through the combustor, ome can see that
the number of radial positions decreases. At the
exit, for instance, only five radial positions
exist: position 95 at the inner wall thr;n;h
position 55 at the outer wall, "The area decrease
can be seen by noticing that the outer wall has
moved significantly closer to.tho inner wall, DMore
specifically, there are nine equally spaced (1.56
initial jet radii) radial positions at azimuthal
stations one through five. Azimuthal station six
has eight radial positions, azimuthal stationm seven

has seven, azimuthal station eight has six, and
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azimuthal stations nine and.ten have five radial
positions.

At the top of the plot 1: a set of information
that characterizes the particular plot. In this
case, we see Dr = 2,23 jdentifying the cross flow
temperature, and a zero J due to the fact that there
is no injection, ’nd an Sr labeled ’'no injection’’
to avoid confusion.

Upon examining the profiles themselves, omne can
see that at each azimuthal statiom, the profile can
move to the right or the left of the abscissa (lines
drawn out by the probe tips during radial movement).
Moving to the right indicates a temperature that is
greater than the cross flow temperature. MNoving to
the left of the abscissa indicates that the local
temperature has fallen below th;t of the cross flow
(and © has become positive). In the case of jet
injection, it is not uncommon to ogserve profilg: to
the extreme left of their respective abscissae.

Examining figure 18, once observes a set of
normalized velocity profiles for the same flow
conditions as those for the temperature profile in
figure 17. The plot is identical except for the
magnitude of unity for the mormalized qguantity. In

this plot, movement to the right of the abscissa
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indicates a velocity that is greater than the cross
flow velocity. Conversely, movement to the left of
the baseline indicates a velocity magnitude less
than that at the cross flow location.

Figures 19 and 20 make use of the five-probe
rake. These plots are referred to as lateral
representations of the flow conditions. Both
figures 19 and 20 indicate normalized temperature
profiles, but these can be made for velocity as
well, In the case of figure 19, represented is the
lateral span of the rake at one particular azimuthal
location and one particular radial position. In
figure 20, a three-dimensional view is constructed
by using all the radial positions at a given
sazimuthal station. As can be seen on these plots,
all the characterizing information is present
including datas locations.

Each ''+'' sign shown on the plots is a data
point. Each data point, as discussed earlier, is
constructed from various temperature and pressure
information. In this experiment, every temperature
and pressure measurement is actually an average of
25 samples. The analog to digital coanversion
software is set up so that 25 samples are taken, the

average calculated and stored and the standard
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deviation calculated and pr;sented. This method of
data acquisition allows the experimenter to obtain a
reasonable average from fluctuating conditioms. 1In
~ addition, the calculation of standard deviation is
helpful in the Q:ror analysis. Also, a growing
standard deviation indicates some problem with the
data gathering n?plratus and allows one to search
out the problem before it propagates through all the
data.
3.4, Presentation of Ezpected Erroz

Using a conservative error analysis clearly
documented in detail in Appendix 5, the following
errors are expected. The values listed are
percentages of the indicated quantity.

Temperature, T + 1.2%

Pitot-static pressure, Py - P + 4.2%

Velocity, V + 2.7%

Normalized temperature, <t + k.SQ

Normalized velocity, ¢y * 6.6%

Momentum ratio, J + 18%

Density ratio, Dr + 6.4%
On tho data plois. the error in © corresponds to +3
data point vidtis. The error in y corresponds to

#0.25 data point widths.
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CHAPTER IV

CONCLUSIONS FROM PREVIOUS REVERSE FLOVW COMBUSTOR
STUDY

Prior to presenting data and conclusions from
this investigation, a summary of the conclusions
found from the previous temperature studylls] is
given belovw. As a presentation of the model
formulated in the previous work, calculated dilution
jet trajectories are shown along with the
experimental trajectories of this work where
possible in the next chapter.

The summary is as follows:

1. Increasing density ratio gives rise to a deeper
pcnetrttidn of the jet into the cross flow.

2. Increasing momentum ratio gives rise to a
deeper penetration into the cross flow.

3. Inward drifting phenomenon identified due to
the nature of the flow accelerating along the
inner wall.

4. Longitudinal acceleration suppresses single jet
thermal spreading rate.

5. Confinement effect, measured by the ratio of
channel height to initial jet diameter,

suppresses trajectory as spacing ratio

53
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decreases.

Smoothing of radial temperature gradients
occurs far before the exit.

Tightly spaced row of jets injected from the
inper wall attaches to that wall, shielding it
froi the outer hot stream. Imjection from the
outer wall penetrates deeply into the cross
flow and does not attach to the outer wall,
Very low momentum flow injected from the outer
wall tends to stay there through the turn.
Apparently, ptop;: injection can result in a

desired temperature profile.



CHAPTER V

SINGLE JET INJECTION DATA AND CONCLUSIONS

In this chapter, a representative group of
single jet injection configurations will be examined
in detail by looking closely at radisl and lateral
plots. To obtain a representative group, one must
look at injection from the inner wall before the
bend (14.67 initial jet radii upstream, point A in
fiiure 16), injection from the outer wall before the
bend (14.28 initial jet radii upstream, point B in
figure 16), and injection from the outer wall into
the bend (5.53 initial jet radii imto the bend,
point C in figure 16). |

Enough information must be examimed so that
trends associated with changing momentum and density
ratios become evideant. In this -sectiom, spacing
ratio is not important.

Below, find observations from individual tests
with conclusions drawn from all of them at the close

of the chapter.

5.1 No Ipjection

To properly analyze the effects of dilution jet

55
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injection on flow conditions in the combustor, one
must first examine the results associated with no
injection. In figure 17, one cam see that
temperatures seem to be skewed near the inner wall
just prior to the bend. Calculating the pattern
factor for this position, oho finds that the value
never ecxeeds 0.07. Comparing this value to the
typical value of 0.2 {onnd in the exit patterns of
operational conbnstorstla]. it can be said the the
oncoming cross flov has a relatively flat profile.

With movement downstream, one seos a decrease
in normalized temperature, indicating that
temperatures are fallinmg below that of the defined
cross flow, This decrease in temperature 1is
attributable to heat losses through the combustor
walls.

Examining the normalized velocity profiles
presented in figure 18, the immediately obvious
feature is that the radial profile at the first
azimuthal station is quite uvniform. As one moves
downstream, an incresse in velocity is detected from
inner wall to outer wall. Ia additionm, an increase
in velocity at the inner wall with respect to the
outer wall is observed. This phenomenon is

attributable to the fact that the inmertially
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dominated flow attempts to negotiate the turm like
an irrotational one. For this to occur, a greater
scceleration at the inner wall with respect to the
outer wall is necessary. It is also thought, that
due to this greater acceleration, a drifting inward
of mass is expected to satisfy conservation of mass.
Lastly, pressure must increase from inner to outer
wall to support the turning fluid.

Generally, to identify a temperature trajectory
of cool injected fluid, one connects the minimum
temperature at one azimuthal position to the minimum
at the next. However, in doing this, one must be
careful to comnsider the profilés with no injection
to avoid choosing an inappropriate maximum t. In
identifying velocity trajectories, ome connects the
maximum velocities. In this case, one must clearly
consider the increasingly skewved profiles that
appear through the turm sectiom. .Typically, during
injection, one sees a velocity decrese downstream of
the wake created by the ‘‘cylinder’’ of fluid that
obstructs the flow. As one moves from the injection
wall, a jump in velocity is detected indicating
probe movement out of the wake and into s region
where velocities become greater thanm those expected

with no injection.
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$.2. Low Momentum Injection--Outer Wall--Prior to Bepd

Examining figure 21, onme can see that at
azimuthal station one, all values of t are affected
except the two nearest the inner wall., These
positions are showing a temperature decrease, and
hence, a Tt increase. Radial position 65 shows the
maximum t; thereby qualifying for the trajectory
location.

At azimuthal stationm two, a significant
temperature decrease occurs at radial positions 45
through 95 with a maximum v occurring at 75. This
shows movement closer to the innmer wall,

At azimuthal station three, sigmificant
temperature deterioration occurs at positions 65
'throngh 95 with maximum deviation occurring at
position 85. Azimuthal location four shows lower
temperatures at the inner wall with maximum <
occuring agian at position 85, showing the thermal
trajectory quite close to the imner wall.

Azimuthal stations from this point to the exit
show temperature decresses at the inner wall region,
but no maxzima can bdo idontifiod. It can be said
qualitatively that the injection jet does migrate

toward the inner wall even at these locations, but
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due to mixing in the radial direction, a trajectory
is no longer meaningful.

Figure 22 shows the normalized velocity plot
for this case. As indicated earlier, at the
injection point, the jet acts as a flow obstruction
to the cross flow, causing a low pressure, 1low
velocity wake d@vnctrea-. As one exits from the
wake, one expects to experience a jump in velocity
followed by some velocity distribution within the
spreading jet. At the first azimuthal -;asntin;
station, one observes a significant decrease ih
velocity at radial positions 15 through 45. The
jump is observed at position 55 with the maximum
occurring at position 78.

At azimuthal station two, the jump is observed
again, with maximum y occuring at positiom 75.
This choice for the trajetory location is a little
less obvious. Position 75 §1so~shows the mazimum
positive deviation from that for the no injection
situation.

After azimuthal position two, some increased
velocities can be detected but trajectories are no
lon;et‘dofinablo. In comparison to the temperature
profiles, these Qhov a much less drastic change due

" to injection. Trajectories are definable for a
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lesser distance downstresm as well, Vhen one
considers a free jet as a very crude approximation,
one seos 8 doté:iorutionvin velocity proportional to
the inverse of the distance from the virtual origin,
giving velocities at the start of the turm section
slready much less than that of the cross flow., VWith
this in mind, these folocity deviations seenm

reasonable.

5.3. High Momeptum Ipjection--Outer Wall--P to Bend

Examining the temperature profiles for high
momentum injection from the outer wall (J = 9,74),
one observes that all the radial po;itions of the
first azimuthal station are showing a tenpcriture
decrease. The maximum v occurs at radial position
65, qualifying this as the trajectory position.

Radial position 85 shows the maximum
temperature decrease at the second azimuthal
station, while the brumt of the cooling s?ons to be
at radial positions 45 through 95, near thp ianer
wall, The indication here, againm, is that"the‘
thermal trajectory is moving toward the inner wall,

At azimuthal station three, radial positions 65

through 95 indicate.cooling due to injection. 1In
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this radial set hovever, th; maximum T occurs at the
radial position nearest the wall (95). This is
somewvhat suspect, but when comparing this profile to
that for no imjection, ome can see that the
temperature deviatiomn is also gtc.tdct at this
position. This verifies that with the higher
momentum ratio, injection from the outer wall does
in fact migrate to the inner wall., Downstreanm of
azimuthal position three, one observes that cooling
is more evident at the inmer wall, but due to
mixing, trajectory locations are no longer apparent.

Figure 24 gives the normalized velocity
profiles for this injection configuration.
Examiming the first azimuthal location, the same
wake phenomenon is evident. Wake flow conditions
occur until a jump im velocity is detected at radial
positon 65. From 65 to 95, flow velocities are
higher than expected for the mo injection
configuration., Maximum y occurs st position 75, the
trajectory location.

Azimuthal position two exhibits a small jump in
velocity near the inner wall at position 8S.
Already at this position, a maximum is not really
detectable, nor is a maximum positive deviation from .

the no injection profile. The velocity trajectory,
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then, is near the inner vail at this point, but is
not technically definable.

Azimuthal stations three, four, and continuing
downstream have :-odthod so that no velocity

deviation is detectable.

§.4. Low Momeptum Ipjectiop——Inper ¥all--Prior fo Bend
Examining the temperature plots shown in figure
25 for inner wall injection at J = §.80, one sees at
azimuthal station ome, s large temperature docicise
in a1l radiasl locations but the one nearest the
outer wall. Mazimum t occurs at radial position 65,
labeling that position as the trajectory location.
Azimuthal station two exhidbits a sinllai
variance from the mo imjection profile with the
greatest temperature deviation occurring at radial
position 75, near the jonner wall, This indicates
that after a penetration imnto the cross flow, the
jet begins to migrate back toward the inner wall.
Continuing with this thought, as one examines
sazimuthal positions three and four, one finds that
mazimum t occurs at rasdial position 85 in both
cases. This shbva a continuned movement of the
thermal trajectory back toward the inmer wall with

movement dowanstreanm,
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Further downstream, a definite cool region
exists at the inmer wall for quite a long distance.
In fact, more cooling at the inner wall with respect
to the outer wall is evident even at the exit.
Apparently, mixzing at the inner region is less than
that at the outer wall,

Examining kho plot of v sthn in figure 26, one
should be aware of the profile for no injection.
Upon observance of azimuthal station omne, the
oxpecfed wake is evident from the inmer wall out to’
radial position 55. Recall that for injection from
the outer wall, the wake region was located from the
outer wall toward the center. The expected velocity
jump does occur st radial station 45, This station
also serves ss the trajectory location since it is
slso the local maximum 7y.

Azimuthal station twvo indicates a similar
profile as above. Once again, the wake effect is
evident at the inner wall from radial positions 55
to 95. At position 45, one sees a peak velocity and
one that qualifies for the trajectory location.

After this point, smoothing of the velocity
profiles causes difficulty in identifying trajectory
locations. A quick observation here is that in the

inner wall injection configuration, velocity
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trajectories tend to deviate more from the
temperature trajectories thanm in the outer wall
injection case. Also, the velocity trajectory does
not migrate as perceptadbly toward the innmer wall as

the temperature trajectory.

$.5. High Momeptus Imjection--Imner ¥sll--Prioz to Bend

Figure 27 indicates at azimuthal position one a
significant temperature deterioration near the iqner
wall. In this case, the maximum t.occurs at radial
position 55, the first trajectory location. In this
higher momentum case, all of the temperatures along
the station have been lowered, giving rise to the
idea of greater penetration due to greater momentum
ratio.

Temperature profiles at azimuthal station two
shov a similar behavior but not quite as skewed as
station one. Here again, all temperatures seem to
be affected, but not to the same degree as in
station one. The trajectory location is at radial
position 5§,

Azimuthal station three begins to flatten
somevhat, but a maxzimum is still observadble at
radial position 65. Even azimuthal station four

shows a maximum, also at position 65. After this
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position, considerable co§11n| is seen throughout
the combustor, although cooling at the inner wall is
much more pronounced. This set of profiles shows
that even at this elevated momentum ratio, a
migration toward the inner wvall is evident after a
deep penetration into the cross flow.

Radiasl velocity plots shown in figure 28 for
this injoction~ configuration show behavior
consistent with the temperature plots. Upon close
examination of the initial azimuthal station, the
lover wake velocity is observed at radial positions
55 through 95. At location 45 a jump in velocity
occurs with y peaking at position 35. Position 35
is marked as the velocity trajectory position.

At sazimuthal station two, the expected velocity
jump is seen near position‘4$ with the peak in vy
occurring at radial position 35, clearly marking it
as the trajectory location.

Downstream of azimuthal statiom three, the
profiles begin to flatten out and take the form of
those seen with no injection: a positive velocity

gradient sets up from outer to inmer wall,

5.6. Low Momentum Ipjectiop—-Outer Wall-Inpto the Bend

This injection configuration differs from all
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those presented earlier in that it delivers dilution
cooling air from the outer wall 5.63 initial jet
radii downstream of the start of the turn section.

Upon examining figure 29, the most obvious
change is that the first two szimuthal measuring
l1ocations are nearly unaffected by the upstream
injection.

Dramatically at station three, there exists a
bighly skeved profile vith mazimum ¢ occurring at
radial position 35. Radial positions 55 through 95
show almost no temperature change whatsoever. This
shows that penetration here is limited in comparison
to the upstream injection locations. Obviously,
maxzimum t and the trajectory location are at radial
position 33.

Azimuthal 1locstion four shows significant
temperature reduction at radial position 5§, thov
recognized trajectory positiom.” Note here that
temperatures at both walls remain near those
observed with no injection. Little spreading of
the jet has occurred by this azimuthal location.

Azimuthal position five, however, begins fo
show significant cooling along the inmner wall, while
the outer wall te-iins at its previous temperature.

This serves as yet another confirmation of the
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migration toward the inner wall, even with a
relatively weak initial penetration. At this
location, one canm observe maximum < and
consequently the trajectory location at radial
position 75.

Surprisingly, at azimuthal station six, s
trajectory location canm visually bde 1ocated at
radial position 75. 1In addition, significant
cooling can be observed from radial positions 35
through 95. After this szimuthal location: cooling
salong the inmer wall is clearly more prominent, but
trajectory locations are no longer identifiable.

Figure 30 displays the normaized velocity
profiles for this low momentum injection from the
outer wall into the benmd. First, no effect is
noticed at the first tvo azimuthal locations. At
location three, one sees the typical velocity
decrease at radiasl position 15 due to a flow
disturbance at the injectiom point. At radial
position 25, a marked jump in velocity to above what
is expected in the no injection configuration is
observed. Although no maximum y is seen, it is
likely that the velocity trajectory location is near

the inner wall.

Azimuthal position four and those further



68

downstream show no evidence of velocity
trajectories, with the profiles resuming the

typically irrotaional one of the no injection plot.

5.7. High Momeptum Injection--Ogter ¥Wall--Ipto the Bend

The temperature profiles shown in figure 31
present results for J = 9,81, Just as in the case
of low momentum ihje?tion into the turn section, mno
detecable change occurs at the first two azimuthal
;tltion: while the third sees &2 major temperature
decrease. Positions 65 through 95 appear unaffected
at station three, with skewing beginning at station
55 and the maximum t occurring at position 35. Note
that this trajectory, as well as all the others, is
marked on its associated baseline.

Azimuthal station four shows marked ikevin; as
well, with its maximum t occurring at radial
position 75, showing a definite migration of the
high momentum injection tévnrd the inner wall.

Azimuthal locations five and six show an
increase in t as one moves toward the imner wall.
In both cases, maximums occur at the radial position
nearest the inner wall (95) or ;t most, one position
away from the inner wall (85). Again, this is

strong evidence suggesting migration toward the
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innet‘wull.

Figure 32 shows the normalized radial velocity
profiles for high momentum injection into the bend.
As is true with all the velocity profiles,
variations are somewhat subtle. At azimuthal
station three, the jump in velocity and maximum y
occur at radial position 25. This, then, is the
location of the trajectory.

Examining aziputha] station four, one sees
marked increase in velocity near inmer the wall with
the jump occurring at position 75. The local
maximum is observed at position 85, giving it the
velocity trajectory idemtification. Further
downstream, some velocity increase is detectable
pear the inner wall, but not significant enough to

choose trajectory positioms.

5.8. Copclusion From Normslized Radial Profiles

To this point, various representative flow
configurations for single jet injection have been
discussed in detail. In each subsection of this
chapter, normalized radial temperature and velocity
profiles were the basis of these discussions.
Thermal and velocity trajectories were defined where

possible. At this point, it is mecessary to look at
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all the profiles, aﬁd make conclusions concerning
the general bahavior. In summary, the following
conclusions are evident from these profiles:

1. Vithout inmjection, temperature profiles show a
pattern factor within reasonabdle limits set up by
operational combustors. Generally, s lovw
temperature region exiats salong the outer wall of
the combustor d;e to heat transfer through the
walls. Velocity profiles show a fairly uniform
condition at the inlet to the turn section. As the
inertially dominated flow attempts to negotiate the
turn like an irrotstional one, particl?s at the
inner wall must accelerate with respect to those at
the outer wall., This gives rise to an increase in
velocity at the inner wall with respect to the outer
wall. In addtion, an ares decrease through the turn
section causes an increase inm velocity. As the
scceleration occurs ulon.*the inner wall,
conservation of mass calls for a movement of fluid
toward this region. Also, pressure increases as one
moves from inmer wall to outer wall im the turn
section. |

2. The injection of cooling air at the inner wall
before the bend, the outer wall before the bend, and

the outer wall into fho bend all cause significant
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changes in temperature and velocity downstream of
their respective injection locations.

3. The greater the momentum ratio, the deeper the
penetration into the cross flow according to dboth
temperature and velocity profiles.

4. The greater the density ratio, the deeper the
penetraton into the cross flow.

S. MNigration of the injection jet toward the inner
wall occurs during injection from all locations.
This indicates that the centrifugal effect of s
heavier fluid naturally moving towvard the outer wall
of a turning channel is overcome by the pressure and
migration effects discussed in (1).

6. Both thermal and velocity trajectories allow one
to make the same statements concerming jet movement
in the cross flow, although they rarolf coincide.
for all azimuthal stations.

7. Although still qualitatively consistent,
velocity and temperature trajectories show a greater
deviation from each other during injection from the
inner wall. The velocity profiles typically show a
deeper penetration and s slower return to the inmmer
wall than the temperature trajectories. This is due
to the recirculation zone that is set up dowastream

of the injection location. During injection from
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the inner wall the trajectory moves back through the
radial positons associated with the wake region,
but further downstream.

8. During injection from the inner wall, cooling
and increased velocities are more apparent along the
inner wall even at the exit giving rise to the
conclusion that a jet injected from this wall
o;poriencos less mixing due to its position.

9. Velocity and temperature profiles at azimuthal
stations mearest the exit for outer wall injectioﬁ
prior to the turn and in the turn are quite similar

for similar injection conmditions.

10. Lipshitzlls] developed a model to predict the
centerline of an injected jet from comservation
oqnations and empirical relations. Three velocity
nnﬁ three temperature plots from those discussed
above have computed model trajectories marked on
them for comparison. Agreement is poor for all
cases except velocity trajectory from the inner
wall. In this case, though, too few velocity
trajectory locations are identifiadle for a

conclusive comparison.

5.9. Lateral Distridbutions

Also plotted for various azimuthal locations in
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the combustor are lateral plots that make use of the
five-probe rake. With these plots, one can view
laterally across the combustor at given radial and
azimuthal positions. In sddition, one can view
laterally all of the radial bositions at a given
azimuthal station resulting in a three—-dimensional
plot of combustor conditions. Ten of these plots,
each for one of the ten azimuthal stations, gives a
three dimensional plot of combustor conditions for
the entire turn section.

Plots of this type were generated for various
azimuthal positions downsteam of injection to
investigate jet spreading behavior.

Upon examining the three-dimensional plots for
no injection (figures 33 through 36) plotted at 60°
increments from the start of the turam section to the
exit, one observes that there is a non-uniformity
laterally across the rake vidth; From prior to the
turn continuing completely through the combustor to
the exit one sees that this three-dimensionality
takes the same form: an increase in t when going
from -7.14 initial jet radii to 7.14 initial jet
radii across the combustor centerline. Each plotted
line represents a probe location., Probe one is at

the far left and is -7.14 initial jet radii from the
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combustor centerlinme. Probe five is at the far
right and 7.14 initial jet radii from the combustor
centerline. Probes two, three, and four fall
logically between these two.

As indicated in the radial velocity plots,
combustor velocity is fairly insemsitive to single
jet injection more thanm two or three azimuthsal
stations (40°® to 60°) downstream of the injection
point. Therefore, only thermal plots will be used
for investigating lateral spreading.

Vhen examining the plots for low momentum
injection from the outer wall (figures 37 through
40), the most obvious change occurs in figure 37
(first azimuthal station). Probes two and three
show a significant temperature decrease, vwhile the
others remain relatively unaffected. This results
in a three-dimensional look to the plot, and
indicates that jet spreading is still quite limited
at this point,.

At 60°, the plot shows the flow returning to
the condition seen in the no injection plot, where
decrease in temperature is detected in going from
probe one to five. However, uponm careful
examination, ome can see a definite increase in

temperature when aéing from probe four to five,
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giving evidence that 1lateral spreading is not
complete. The plots for 120° and ;80’ show that the
temperature distribution has returned to one similar
to that for no injection, indicating that spreading
across the rake width is complete.

The set of plots for outer wall injection at a
high momentum ratio (figures 41 through 44) shows
similar behavior to the low momentum configuration.
At the high momentum ratio, though, 1lateral
spreading seems complete at an azimuthal value of
60°, This is faster thanmn the low momentum
configuration.

Three-dimensional lateral plots for injection
from the inner wall at a low momentum ratio (figures
45 through 48) and at a high momentum ratio (figures
49 through 52) show similar behavior. In both of
these cases, lateral spreading does not seem
complete at 60°* ., By 120°, however, profiles look
no different than those for no injection, indicating
that lateral spreading has surpassed the width of
the rake.

Finally, from the plots above, individual
radial positions can be identified and plotted. Two
plots with low momentum injection from the outer

wall and two with high momentum injection from the
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inner wall are presented (figures 53 through 56).
In figures 53 and 54 one can see that the center
probe temperature regains temperature in moving from
0° to 100°® azimuthally. In this case, the outer
probes do not detect a significant change in
temperature. Figures 55 and 56 shovw similar plots
for high momentum injection from the inner wall. 1In
this case, the center probe temperature also shows a
rebounding toward the cross flow value. The
outermost probes indicate a more significant
decrease in temperature this time, giving evidence

of wider spreading.

§.10. Additional Conclusions From Lateral Plots
11. Lateral spreading rate increases with
incressing momentum ratio. This is in agreement with
the experiment by Kamotani and Gteber[14].
12, Lateral spreading rate is greater for outer
wall injection than for inmer wall injection. This
observation confirms conclusion eight above,
indicating that mixing is greater at the outer wall
region than the inner wall region.

In the following chapter, multiple jet injecton

will be considered. There, lateral plots will

become important a;lii in the determination of two-
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dimensional behavior of a closely spaced row of jets

and how this affects trajectory.



CHAPTER VI

MULTIPLE JET INJECTION DATA AND CONCLUSIONS

All of the introductory informationm that
pertains to single jet injection such as definitions
for v and vy as well as numerical values for pattern
factors apply here as well. Once again, as the flow
irrotationally mnegotiates the turmn section,
acceleration of fluid particles along the inner wall
with respect to the outer wall occurs. From mass
conservation, a migration of fluid inward is
evident. Additionally, an increase in pressure is
experienced when going from inmer wall to outer
wall to support the turming fluid.

As was true for single jet injection,
experiments were carried out at momentum ratios from
about 3.7 to about 11.7. Density ratios ranged from
about 2.15 to about 2.78§. With multiple jets,
though, two more parameters become a part of the
investigation: spacing ratio and confinement ratio.
Spacing ratio, Sr, defined above, varied from 2.67
to 9.21., Each injection configuration was tested in
three spacing ratios: the smallest, followed by
double that, followed by triple that. Values for

spacing ratio differ from outer wall to inmer wall

78



since injection ports are positiomed omn rays
extending from the combustor centerline.

Confinement ratio, defined as:

Confinement Ratio = H /b

is 16.77 for injection prior to the bend and 16.95
for injection into the bend.

Data acquisition procedures, plotting
procedures, and trajectory identificationm procedures
are identical to those used in single jet injection.

Upon examing the data and conclusions from
single jet injection, ome can see the effects of
changing momentum ratio and density ratio.
Therfore, it is unnecessary to present data that
displays the effects of changing these parameters.
Instead, injection location and spacing ratio will
be the variables here. On each plot, though, two
trajectories are marked. One is that for the row of
jets, and the other is for the single jet for

comparison.

6.1. High Momentum Injection—-Outer Wall--Prior to Bend
This section contains information om three

different s;>ac:ing' ratios for this flow
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configuration. First examining the normalized
temperature profile with the widest spacing ratio
shown in figure 57 one discovers as spacing ratio of
9.21, The profiles are inevitably similar to those
of a single jet. The trajectory location (maximum <«
is at radial positions 55, 75, and 85 for azimuthal
location one, two, and three respectively.
Comparing these locations to those found in single
injection, one finds that the obvious difference is
a shorter penetration, and a continued ’'’'lower'’
trajectory. Even though some suppression of
trajectory is detected, a cooling region along the
inner wall is evident even as far downstream as the
exit.

The velocity profiles for this configuration
(figure 58) are also quite similar to the high
momentum single injection profiles. In this case,
the velocity jump at azimuthal position omne occurs
at radial positiom 55. The -nxiiun y occurs at
radial position 65. Looking closely at azimuthal
positions two and three, one can see that the radial
positions closest to the inmer wall actually show no
change in velocity. However, at positiom two,
radial location 75 is seen as having the greatest

positive deviation from the no injectiom velocity.
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At position three, radial location 75 is indicated
as having the largest positive displacement from the
no injection velocity. Although these positions do
not stand out as definite local maximums, they are
likely trajectory locations by comparison to
profiles with no injection. Further downstream, one
can no longer identify with any certainty any
trajectory location, but a noticeable velocity
increase along the inner wall is evident. From the
velocity trajectory estimates in the previon;
chapter, ome can see an apparent ’'‘'lower’'’
penetration amounting to at least one radial
position.

Remaining at high momentum injection from the
outer wall, the spacing ratio is decreased to 6.14
by adding four jets for a total of 11. The question
to ask now is how does this affect the flow within
the combustor.

Looking at the temperature profile diagram
shown in figure 59, a marked increase in <t is
detected about midway between combustor walls at
azimuothal station ome. At radial positiomn 55, <
peaks, giving the thermal trajectory location.
Similarly, position 75 at azimuthal statiom two

qualifies as the second trajectory location.
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Azimuthal position three becomes a little more
difficult to analyze since the maximum local =<
actually occurs at the endpoint (position 95). By
comparison with the mno-imjection configuration, it
can be seen that the trajectory really cannot be
pinpointed. However, positions 75 through 95
indicate the most temperature deviation. It is
likely, then, that the trajectory falls somewhere
between these two radial positionms.

At azimuthal measuring station four, a peak is
again detectable as a trajectory location at radial
station 8S5. Marked cooling is detected downstream
across the combustor with the inner wall region
affected the most. In comparison with single jet’
temperature profiles, this spacing ratio does not
produce noticeably different results from the larger
Sr. The initial thermal trajectory location shows
some suppression. This mild suppression seems to be
carried downstream as well.

The velocity profile (figure 60) at azimuthal
station one displays the typical jump in velocity at
radial point 55. Position 65 is near the peak vy and
deviates the greatest from the no injection
configuration, giving indicaiton as the trajectory

location.
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At both azimuthal stations two and three,
velocity trajectory locations are difficult to
detect. However, upon careful examination, it
sppears that trajectories lie somewhere between
radial positioﬁs 65 and 95 due to increased velocity
in this region. The initial trajectory location
shows evidence of some suppression by appearing one
radial position lower than in the single jet case.
Velocity trajectory locations downstream of the
initial one cannot be identified clearly emough, so
a statement concerning suppression in this region
cannot be made.

Once again, keeping with high momentum
injection from the outer wall, the number of jets is
increased to 21, producing a spacing ratio of 3.07.
This is the smallest value for this parameter for
jets injected from the outer wall before the bend.
Examining the normalized profiles for this case
(figures 61 and 62), trajectory suppression is
immediately evident.

The radial temperature profiles show a pesk <
at radial position 25 for the first azimuthal
station. The second szimuthal abscissa shows an
obvious peak at radial position 45. Radial position

55 is the maximum t for azimuthal stationm three.
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These three trajectory locations marked on figure 61
show a significant suppression in comparison with
the single jet case. By the third azimuthal station
in the single jet case, the trajectory was
identified as existing along the inner wall. For 21
jets, though, the trajectory is located only at the
midpoint between the two walls.,

Upon examining the velocity profiles, one does
not find such a dramatic change‘in trajectory
location. At azimuthal position ome, the velocity
jump occurs at radial location 35. Velocities 55
through 95 appear fairly uniform. In contrast, with
no injection, velocity increases in going from 55 to
95. The point with the largest deviation from from
the no injection profile is position 65, identifying
this as the location of the trajectory.

At azimothal baseline two, onme observes the
velocity jump at radial positiom §55. Points 65
through 95 display an increase over the no injection
case, with no particular y exhibiting a maximum. It
is concluded that the velocity trajectory must fall
somewhere between radial points 65 and 95, with the
exact location unidentifiable.

Azimuthal station three is similar to two in

behavior with the trajectory 1locaiton falling
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between radial positions 75 and 95. As one moves
downstream, an increase in velocity is observable at
all radial locations. This behavior gives some
evidence of suppression, but nowhere near the
magnitude of suppression displayed in the thermal
profiles. In addition, with this large number of
injection jets (21), the increased mass flux is
indicated by the mnoticeably higher velocity as far

downstream as the exit.

6.2. High Momentum Injection--Inner Wall--Prior to Bend
Due to a probe problem, only pressures were
obtainable from the rake for multiple jet injection
from the inner wall., So that some statement could
be made concerning the relative behavior of multiple
jets from the inner wall, temperature data was taken
from Lipshitzlls]. This temperature data was then
used to calculate a local density which, in turn,
was used in the calculation of local velocity. Due
to probe geometry differemces between the previous
temperature study and this study, it becomes evident
that probe tip location for each case differs by two
to three millimeters. It is estimated, that as a
maximum, this could result in a local temperature

error of 100°F near the injectionm point. This
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results in an additional error in local velocity of
about 5%, according to the procedure used in
estimating error in Appendix 5. The error inm ¥y then
increases to about 19%. However, this still results
in & error band on the mormalized velocity profiles
slightly less than the width of one data point.
Therefore, qualitative trends depicted by these
profiles r;nain believable.

Following the same procedure as earlier, using
a high momentum ratio (9.68) and the low density
ratio (2.18), each of the three possible spacing
ratios are investigated. The injection of seven
jets results im a spacing ratio of 7.41, a
relatively large value. Normalized temperature
profiles seen in figure 63 show that at azimuthal
position one, the maximum Tt occurs at radial
position 75, indicating a shallow pemetration.

Azimuthal position two shows a maximum at the
same radial position. Strikingly, from azimuthal
abscissa three and continuing downstream, the
maximum t occurs at position 95, against the inner
wall. It appears as if the thermal jet trajectory,
then, is directed along the inner wall as well. 1In
comparison with the single jet thermal trajectory

for & similar momentum ratio, considerable
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suppression of trajectory is evident, even at this
wide spacing ratio.

The velocity profiles, again in this case, do
not show such a dramatic suppression (see figure
64). The velocity jump at azimuthal baseline one
occurs at radial position 65, with the maximum
deviation from the no injectiom velocity occurring
at position 45,

Azimuthal station two shows similar behavior
with maximum y occurring at radial position §5.
Station three also has a trajectory location at
position 55. Downstream of position four, increased
velocities across the combustor are detectable.

In comparing these velocity profiles to
temperature profiles for the same set of flow
conditions, one sees that they predict a much deeper
penetration than their thermal counmterparts.
However, in comparing them to the velocity profiles
for single jet injection, one sees that a suppressed
behavior is evident.

Decreasing the spacing ratio to 4.94 by
increasing the number of dilution jets to 11, one
would expect further suppression in accordance with
what occurred during injection from the outer wall.

Examining the first azimuthal stationm of the



temperature profiles (figure 65), ome observes a
mazimum T at radial position 75. Position two shows
the maximum t at radial position 85, identifying
both of these positions as trajectory locationms.

Position three and those 50vnstream show the
maximum t falling against the inner wall, showing a
suppressive behavior in comparison with the single
jet. However, this thermal trajectory suppression
is apparently no greater than the wider spacing
ratio configuration.

The velocity profiles shown in figure 66 depict
trajectories appearing at radial position 5§55 for the
first three azimuthal baselines. This, again, shows
suppression in comparison with the single jet, but
no appreciable difference from the 7.41 spacing
ratio. Also, as above, the velocity trajectories
indicate a deeper penetration into the cross flow.

By using 21 cooling jets, a spacing ratio of
2.47 is achieved. Upon examining the temperature
profiles in figure 67, one finds the most striking
change in profiles thus far. At all azimuthal
baselines, without exception, the maximum v occurs
at radial position 95, indicating quite a
significant suppression of thermal trajectory.

Single injection of the same momentum ratio mormally
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produces a trajectory somewhere near the midpoint of
the combustor.

Examining the velocity profiles given in figure
68 for this flow configuration, dramatic suppressive
behavior is again detected. At the initial
azimuthal station, velocity is seen to peak at
radial position 55. Azimuthal position two shows
maximum velocity occurring at position 65. Position
three indicated radial location 75 while positons
four and five both show radial position 85 as the
location for maximum vy. As can be seen by the
indicated trajectory for the single jet, these
profiles, too, show supressionm so great that
velocity trajectory as well moves very near the

inner wall.

6.3. High Momentum Injection--Outer ¥Wall--Into the

Again following similar procedures as above,
the first configuration to be discussed is the one
with the widest spacing ratio. Upon examining the
temperature profile diagram in figure 69, it is
easily seen that injection occurs just upstream of
the third azimuthal station. A huge temperature
decrease is detected at this station, with v peaking

at radial position 35,

(=X
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Azimuthal station four gives the peak <t at
radial position 75, indicating the trajectory is
moving toward the inner wall. Azimuthal station
four, then, depicts radial position 75 as its
trajectory location as well, while station five
indicates position 8S5. In comparison with the
single jet injection configuration, there is no
perceivable difference in penmetraion into the cross
flow as is obvious during injection prior to the
turn section.

The velocity profiles in figure 70 are just as
difficult to interpret as those were for single jet
injection. Although not clear, radial position 25
is the likely location for the velocity trajectory
at azimuthal position three. Even less clear,
azimuthal positon four indicates a likely trajectory
position as 75, the position with the maximum
deviation from the no injection configuration. In
agreement with the thermal trajectories, these do
not indicate any suppressive behavior.

Adding four jets to the earlier seven, one
achieves an Sr = 6.00. At the injectiom locations
prior to the bend, a decrease in spacimg ratio
generally led to a suppression of the jet trajectory

in the cross flow, ﬁpon examining the normalized
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temperature profiles in figure 71, omne sees the
skewed temperatures at azimuthal statiom three.
Incidentally, both temperature and velocity appear
unchanged upstream of imjectiom throughout the
course of multiple jet injection into the bend.

Azimuthal station three shows radial position
35 serving as the trajectory location by exhibiting
the maximum <. Position four also shows quite a
skewed profile with its maximum <t appearing at
radial position 65, Both azimuhtal positions five
and six show trajectory locations at radial position
75. With this trajectory, suppresive behavior is
becoming evident.

The velocity profiles (figure 72), as in the
past, show nowhere near the dramatic change seen in
the temperature profile. At azimuthal station
three, the maximum local y occurs at radial position
25. The next azimuthal stition shows a clear
trajectory locatiom at radial position 15.
Downstream of this location, it becomes impossible
to define a trajectory. VWith the trajectory located
as it is, however, a slight supression of
approzximately ome radial position is observed.
Although some suppression is evident, migration of

the jet toward the inner wall remains intact.
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The final spacing ratio at this imjection
location is 3.00. It is achieved by injecting 21
jets. In figure 73, one seés the first thermal
trajectory location at azimuthal station three is
found at radial positon 25, Azimuthal station four
shows the maximum <t at radial position 45.
Downstream of this location, a trajectory is no
longer def;nable. Although cooling exists across
the combustor, one sees easily a marked increase in
cooling at the outer wall., The trajectory pointed
out by this set of data shows a definite suppression
toward the outer wall,

The velocity profile seenm in figure 74 is
similar to those observed above. Azimuthal station
three shows the velocity trajectory at radial
position 25, Radial position 65 is identified at
azimuthal positon four as the trajectory location by
exhibiting the maximum vy. Downstream of this
azimuthal station, the trajectory is no lonmnger
meaningful., However, with the trajectory shown, it
is easy to conclude the some suppression toward the
outer wall takes place. This suppression does not

stop the migration toward the inner wall,

6.4, Conclusions E;gg.Nornaliggg Radial Profiles
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To this point, a representative group of tests
examining the effects of spacing ratio have been
closely examined. Each test was 1looked at
individually. At this time, it is important to make
some general statements concerning these tests:

1. As was expected from Lipshitzlls].

trajectories
determined from velocities generally show a greater
penetrntibn into the cross flow tham those
determined from temperature. This seems to be a
result of the recirculation zone set up dovnstregn
of the injection location by the issuing demse jet.
2. This deviation increases as spacing ratio
decreases since the low pressure recirculation zone
becomes more promnounced as the jet becomes
increasingly two-dimensional.

3. Injection from the inner wall shows pemetration
into the cross flow, followed by a migration back
toward the innmer wall. As spacing ratio decreases,
this penetration becomes suppressed. At miminum
spacing ratio, the maximum v occurs at inner wall
without exception.

4. For injection from the outer wall, ome canm
identify migration toward the inner wall as well,.
Again, as in the single jet configurations, this is

attributed to the drifting and pressure gradient
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effects overcoming the centrifugal effects. As Sr
decreases, there is a noticeable suppression toward
the outer wall, but migration toward the inner wall
remains evident.

5. This suppression is attributed to two phenomena:
As spacing ratio decreases, it becomes increasingly
difficult for the cross flow to pass between
individual jets. Instead of penetrating through the
denser fluid, it passes over it, suppressing its
trajectory. Also, as spacing ratio decreases,
'y signifiﬁlnt low pressure tecircniltion zone sets
up downstream, since according to experiment, the
cross flow tends pass over the injected fluid. This
low pressure causes the injected jet to collapse
against the wall from which it was injected. In the
case of the inner wall, this low pressure adds to an
already low pressure region resulting in significant
suppression. In the case of the outer wall, this
low pressure fights a high pressure region,
resulting in some suppression, but a continued
migration toward the innmer wall as the turm is

negotiated.

6.5. Lateral Profiles
To examine the notion of two-dimensionality

downstream of the injection point, three-dimensional
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lateral plots were produced, making use of the width
of the rake. As in the single jet case, since
velocity two or more azimuthal stations downstream
of the injection point seems somewhat unaffected,
the;e plots make use of temperature distributions
only.

Injection from the outer wall at the higher
momentum ratio and wide spacing ratio is represented
in figures 75 through 78. At the initial azimuthal
station (0°), once observes the three-dimensionality
of temperature at that point. Since the set of
injection jets do mnot continumously spam the
combustor width, cross flow has the ability to flow
inbetween them, thereby causing little or no
suppression, as observed experimentally.

Examining the lateral plots further downstream
(60°, 120°, and 180°), a degree of three
dimensionality remains, even at the exit. This
shows that the spacing is in fact wide enough to
allow the cross flow to penetrate between them.

As one examines the tight spacing ratio (J =
3.08) for high_nonentun injection from the outer
wall (figures 79 through 82), one observes
immediately at 0° that the flow is nearly two-

dimensional. By 60°, the flow is clearly two-
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dimensional. The two figures showing dowanstream
locations again show littlelor no change laterally
from probe one to five.

From these lateral plots, the suppression of
jet trajectory can again be attributed to the low
pressure recirculation zone that forms downstream of
the injection location. This regiomn is more
pronounced during injectiom with small spacing
ratios because, as shown here, because the the row
of jets causes the cross flow to pass over the top.

Kamotani and Greberll‘]

show a suppression in
trajectory with decreasing spacing ratio until
spacing ratio falls below about two or three. At
this point, the issuing jet acts mnearly like a slot
jet and the trajectory shows less suppression. In
this experiment, spacing ratio evidently cannot be

decreased to the point where suppression begins to

deteriorate.



CHAPTER VII
GENERAL CONCLUSIONS AND RECOMMENDATIONS

This is the second work using a reverse flovw
combustor that investigates the perpendicular
injection of a cooling jet into a hot cross flow
that is accelerating both longitudinally and
transversely.

This work shows that there is, in fact, good
agreement between trends associated with thermal and
velocity trajectories. Both trajectories indicate a
migration toward the inmer wall independent of
injection location, density ratio, momentum ratio,
and spacing ratio.

The semi-empirical model developed by
Lipshitzlls] for a single jet shows similar
agreement as it did in his experiment. It is in
need of better entrainment information along with
knowledge of the pressure field throughout the
combustor. Considering the vortex structure that
sets up during perpendicular inmjectionm, a model
which uses this as its dominant effect is under
development.

With the experimental data available from this

study, from the previous temperature study, and the

917
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expected empirical information on entrainment, all
of the necessary components are available to carry
out a careful investigation to produce a semi-
empirical model for a single jet as well as a rov of
jets.

From these experiments, then, it can be seen
thatinjection from the outer wall allows cooling at
the inner wall due to the migration effect. This is
practically useful since injection from the outer
wall is more easily carried out. Since migration
toward the inner wall is evidenmt, cooler
temperatures and higher velocities can be developed
there. If cooling of the outer wall is desired, the
leakage of cooling air from the outer wall injection
pofts at low momentum ratios will result in a cool
region along that wall.

Compact reverse flovw conbns}ors are a8 viable
alternative. Flow conditions within them are
predictable, and desirable modifications can be made

through dilution jet injection.



CHAPTER 1IX

DATA PLOTS

The following pages contain all of the data

plots described and referred to above.

99
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APPENDIX 1

PARAMETER CALCULATIONS

1. Velocity is calculated from the Bernoulli equation
vV = [2AP]1/2
P
where AP = pitot-static pressure difference p = den—

sity of oncoming flow.

2. Momentum ratio calculated as

\f

_Piet “jet

pV2

J

where p.V are cross flow conditions.

V. = 7ot
jet Area jot

[% ] jet [7\:;,_05]

jet
2AP

sod o=

3. Density ratio is caiculated as:
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Dr =%°—t
or = [ﬁ%}l@t
(7]

Other parameter calculations are straightforward. and need no addi-

tional explanation.



164

APPENDIX 2

SPECIFICATION SHEETS



165

Properties and Characteristics

.ACN NUMBER RANGE

m lower uublo Himit for Puo' Static Probes depends on

ltivity of the readout device used with the probe.
A dmmﬁul pmoun of 1" of water, for example Is about
the minimum that can be with 1% y with
ordinary slant gauges, 8o the lower limit is approximately
ot @ Mach Number of 0.08 or a velocity of 70 ft/sec for air
ot standard atmospheric conditions. There is no minimum
Mach Number for the tube itself. The upper limit is at
sbout Mach 0.95 for the tota! pressure reading and 0.70 for
the static as shown in Figure 1. The static resding is ac-
curate to 0.5% to a Mach Number of 0.50 and to 1.5% up
to Mach 0.70. At this point the calibration becomes erratic
due to the formation of local shock waves on and sround
the tip of the probe and the reading can vary as much as
10% with slight changes in flow conditions or proximity
to solid boundearies. Above Mach 1.0 both the tota! and
static vary idersdly from true stream vaives
but they can be corrected theoretically.

VAW AND PITCH ANGLE RANGE

M the fiuid stream is not paralie! to the probe head, errors
occur in both total and static readings. These are the most
important errors in this type of instrument because they
.esnnot be corrected without taking independent resdings
_-mn snother type of probde.

VAW

.g‘%::
PITCH FROBE

Figure 2 shows the errors in tots! and static pressure, ve-
locity, snd weight tiow at verious yaw and pitch angles.

Note that yaw and pitch angle atfect the resdings exactly
the same. The errors in tota! and static pressure incresse
quite rapidly for angles of atteck higher than 5°, but they
tond to compensate each other 80 the probe yields veloci-
ty and weight fiow readings accurate to 2% up to angles
of attack of 30°. This is the chief advantage of the Prandt!
design over other types.

SOUNDARY EFFECTS

The static pressure indicstion is sensitive to distance from
solid boundaries. Figure 3 shows how this error incresses
the indicated velocity pressure at & Mach Number of 0.2S.
The probe and boundary form s Ventur! passage which ac-
oslerates the flow and decresses the stiatic pressure on
one side. The curve shows that static resdings should not
be taken closer than 5 tube diameters from a boundary for
1% accuracy and 10 tude diameters s safer.

REYNOLDS NUMBER RANGE

Pitot-Static probes are not directly affected by Reynoids
Number except st very low velocities. Therefore, in liquids
where Mach Number eftects are absent, their calibration ls
substantially constant at all velocities.

The minimum Reynolds Number for the total pressure
measurement is aboutl 30 where the characteristic length
is the diameter of the lmpoct hole. Below this vatue the
indicated imp higher than the
stream impact vmwn due to viscosity effects. This error
s only noticeable in air under standard atmospheric con-
ditions for velocities under 12 fi/sec with impact holes
0.010" diameter or less.

TURBULENCE ERRORS

Pitot-Static tudbes appesr to be | itive t0 Pl
turbulence which is the most common type. Under some
conditions of high intensity, large scaie turbulence which
make the angle of attack st a probe vary over a wide range,
the probe would presumabdly have an efror corresponding
to the average yaw or pitch angle csused by the
turbulence.

TWAE CONSTANT

The speed of reading depends on the length and diameter
of the p inside the probe, the size of the
pressure tubes to cm manometer, and the displacement
volume of the manometer. The time constant is very short
for any of the standard tubes down to 1/8" diameter; it in-
creases rapidly for smalier diameters, howsver. For this
reason 1/18" O.D. is the smallest recommended size for
ordinary use - this will take 15 to 80 seconds to reach
oquitibrium pressure with ordinary manometer hook-ups.
These tubes have been made as gmall as 1/32" 0.0, but
their time constant is as long as 15 minutes and they
choke up very easily with fine dirt in the air stream. i very
small tubes are required, it is preferable to use separate
ftotal and static tubes rather than the combined totel-static
type. Where reinforcing stems are specified on smali
sizes, the inner tubes ars eniargad at the same point to
ensure minimum time constant.

instalistion informetion

Probes are instalied in the fiuld stream with the impact
hole faci<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>